Water scarcity in the Southeast of Spain drives greenhouse producers to recirculate the drainage water in hydroponic cultures to improve the overall water use efficiency and reduce the pollution of aquifers and surface waters. Drainage water can be used for irrigation and also for misting or fog systems in summer. But water recirculation requires a thorough control of the population of plant pathogens to avoid spreading of diseases through the irrigation or refrigeration system. In this work, a solar disinfection system is proposed, based on a solar collector that uses solar radiation to heat the water and profits of the naturally occurring UV radiation. In two field experiments, the reservoir of the collector was filled with drainage water obtained from a commercial greenhouse in Pilar de la Horadada (Alicante, Spain). Global and ultra-violet radiation and water temperature were measured along the experiments. Water samples were taken at different hours and analysed to determine total aerobic bacteria and coliform bacteria concentrations. Heating treatment was effective in bacteria elimination with a thermal time requirement of 240 ºC·h for total aerobic and 217ºC·h for coliform bacteria. The disinfection was effective irrespective of the initial bacterial load and the daily global radiation.
INTRODUCTION
Greenhouse industry is increasing its importance all over the Southeast of Spain. The latest technological developments aim at improving the control of plant nutrition through hydroponics and the aerial environment using heating systems in winter and misting or fog systems in summer.
Water scarcity in the region and environmental concerns lead to the recirculation of drainage water in hydroponic cultures. This measure will get a better overall water use efficiency and contribute to reducing the pollution of aquifers and surface waters. Some of the recirculated water can also be used for humidification of the greenhouse air especially during the summer months.
Recirculation water usually presents higher electrical conductivity than irrigation water due to the selective uptake of plants. In this sense, the humidification of the greenhouse air may alleviate the adverse effect of irrigating with saline water (Li, 2000) .
Recirculated water may also have a higher pathogens content than the irrigation water. Thus, using this recirculated water for humidification would not be possible without a proper control of pathogen populations: bacteria, virus and fungi. Also pathogens dangerous for human health need to be controlled, since small droplets of water containing pathogens may deposit on plant leaves or fruits, which should be avoided particularly in case of vegetables for raw consumption (e.g. lettuce, cucumber, tomato or pepper).
Disinfecting the soil and water usually achieves the control of plant pathogens. The works of Runia (1995 Runia ( , 1996 summarise conventional disinfection methods used in hydroponics. For instance, heating at 95ºC for 30 s was sufficient for sterilising the nutrient solution by heating, while an ultra-violet (UV) treatment of 250 and 100 mJ/cm 2 was enough for viral and fungal elimination, respectively. These methods as well as ozone injection are commercially applied in hydroponic farms in the Netherlands. There are other methods, like the membrane filtration method proposed by Ohtani et al. (2000) that can provide efficient disinfection of the drain nutrient solution from several pathogenic microorganisms.
Nevertheless, all the mentioned methods have important disadvantages. Ozone in the lower layers of the atmosphere is toxic and the ozone injection can increase its atmospheric concentration due to its low solubility in water (Rao and Davis, 2000) . On the other hand, membrane treatments are often too expensive (Ohtani et al., 2000) . The lamps required by the UV method reduce their efficiency with increasing contamination of the lamp surfaces. Finally, heating methods can consume large amounts of energy.
The disadvantages of heating and UV methods could be obviated if the energy necessary for the process is available at no cost. Solar radiation in the Southeast of Spain can be used to heat the recirculated water and it is also a natural source of UV treatment.
If a big amount of water is to be disinfected, solar heating will not be enough to increase water temperature up to 95ºC, but the same effect can be obtained keeping temperatures above 50ºC that can be easily achieved, for a time enough to eliminate pathogens.
In this work, we propose a non-expensive disinfecting method using a solar collector to profit solar energy as a source of energy to heat the drainage solution as well as of natural UV radiation.
MATERIALS AND METHODS
The experiments were carried out at Orihuela (Alicante, Spain), latitude 38º05'08''N, longitude 0º56'49''W.
Collector
The solar collector built for the experiments was a trapezoid wooden box covered by a glass lid. The box area was a square of 1.4 m x 1.4 m, front wall was 0.5 m and back wall was 1 m high giving a 30º slope to the glass cover. All lateral walls were covered by 5 cm thick insulating material (thermal conductivity 0.039 W/m ºC). Back panel was prolonged 3 m upwards and covered with reflective material. A covered glass box 1 m x 1 m x 0.25 m acting as the water deposit was placed inside the collector box. In order to maximise the caption of solar radiation, the collector was directed southwards.
Weather
An automatic weather station was used to record the atmospheric parameters experienced during the experiments. The parameters recorded were global radiation, GR (SP-Lite silicon pyranometer, Kipp & Zonen), and ultra-violet radiation, UV (UV sensor, Skye Instruments Ltd.) measured outside and inside the collector (below the first glass cover). Air temperature was recorded also inside and outside the collector with shielded temperature probes (107 temperature probes, Campbell Sci.). Water temperature was measured with a submerged temperature probe (108 temperature probe, Campbell Sci.). Additional measurements were wind speed and direction (05103-5 wind monitor, Young Company). All those sensors were connected to a data-logger (CR-10X, Campbell Sci.) that took measurements each 10 s and averaged and logged the data at one-hour intervals.
Experiments
Two experiments were carried out on September 17 th 2004 (experiment 1) and May 18 th 2004 (experiment 2) varying the volumes of drainage water. The drainage water used to fill the inner reservoir was obtained from a commercial greenhouse pepper crop grown in a soilless rockwool system, located at the Pilar de la Horadada (Alicante). The crop cycle in this area starts on November and ends on September. The treated water volume was 130 L in the first experiment and 50 L in the second one. Water samples of 500 mL each were taken at different times and kept at 4ºC till the analysis was made the following day.
Analysis
In experiment 1, total aerobic bacteria were counted in order to assess the validity of the treatment. In experiment 2, total aerobic bacteria and coliform bacteria were counted in order to know the effects of the disinfection treatment in a more detailed way. Bacterial counts were determined by colony counting methods. Serial decimal dilutions of the samples up to 10 -5 were prepared in physiological saline solution and plates were inoculated with 100 µL of each dilution. Tryptic Soy Agar, TSA (Oxoid) plates were used for total aerobic bacteria counts while for coliform bacteria counts, the plates used were Violet Red Bile Agar (Oxoid). In both cases, plates were incubated at 37ºC for 18 hours before counting the colonies formed. The count results were expressed as colony forming Units, CFU, per mL.
Calculations
The data recorded by the weather station allowed to calculate the glass transmissivity to both global and UV radiation. Thermal time underwent by the drainage water was calculated as the sum of products of hourly mean water temperature times the measurement interval (1h) and expressed as degree-hours (ºC·h) from the filling of the reservoir till the time of each sample. The CFU/mL count results were expressed as the survival percentage. A 1% of survival, which represents the 99% of mortality of CFU, is regarded as a good effectiveness of the disinfection treatment.
RESULTS

Experiment 1
The first experiment took place in a sunny day, September 17 th 2003. Water volume was 130 L. Starting time was 8:00 h solar time and water samples were taken at 30 min intervals, approximately.
GR and UV values show a symmetrical pattern as referred to solar noon, and water temperature inside the reservoir increases steadily till 15:00 h solar time. Maximum water temperature attained was 51ºC at the end of the experiment (Table 1 ). Since wind speed was not significant (data not shown), heat losses by convection were disregarded. After 7 hours, aerobic bacteria population decreased to 2%.
Concentration of CFU in water treated in the solar collector varied between 50,000 and 1,000 CFU/mL. Thermal time at the end of the sampling day reached a value of 263 ºC·h. The relationship among both variables shows a linear trend (Fig. 1) . The regression line fitted to the data has a slope of -0.33 and a regression coefficient of 0.87. According to these results, in order to obtain a reduction of 99% in the initial concentrations of CFU, the value of thermal time required would be 268 ºC·h.
Experiment 2
The second experiment took place in a clear day, May 18 th , 2004. The water volume inside the reservoir was 50 L. The experiment began at 8:30 h and samples were taken each hour.
In this case, the maximum for water temperature also showed a lag from maximum solar radiation, as expected. Total aerobic bacteria were reduced to 5% after 4.5 hours, with a water temperature of 69.0 ºC. Coliform bacteria showed to be more sensitive to heat and UV. Their population decreased to less than 1% at noon, 3 hours and a half after the initial time. At this time, water temperature was 64.7 ºC.
Concentration of total aerobic CFU in treated water varies between 20,000 and 1,000 CFU/mL. Thermal time at the end of the sampling day reached 276 ºC·h. The linear relationship in this case has a slightly higher slope (-0.32) but the thermal time required to achieve a 99% reduction in the initial bacterial concentration is similar: 265 ºC·h.
On the other hand, the coliform CFU varies between 5,000 and almost nil in the same thermal time increment. In this case, the linear regression line shows a determination coefficient of 0.94 and the thermal time required to obtain a 99% reduction in the initial number is sensibly lower: 241 ºC·h.
DISCUSSION
The relationship between water temperature and cumulative radiation was found to depend on the depth of water inside the glass reservoir and the initial water temperature as can be seen comparing the water temperature values in tables 1 and 2.
In both experiments we obtained a suitable disinfection of drainage water for varying levels of GR and UV and two volumes of treated water. Results show that for experiment 1, a longer exposition time was required since the volume of treated water was bigger and radiation levels were lower.
Regarding the initial bacterial content, concentration in experiment 1 is 50,000 CFU/mL. In this case, water is highly contaminated as can be expected of a crop that was nearly at the end of its cropping cycle in the typical cropping calendar of the Pilar de la Horadada area. The drainage water employed for experiment 2 came from another pepper culture and was taken at a time prior to the maximum yielding period of the crop, which can explain the lower initial bacterial concentration (20,000 CFU/mL).
For experiments 1 and 2, the values of thermal time required for water disinfection are very similar, 268 and 265 ºC·h, respectively. Also the slope values are very close in both experiments: -0.33 and -0.32, showing a consistency in the decrease of bacterial content of the drainage water, expressed as survival percentage irrespective of the initial CFU concentration.
As for coliform bacteria, the thermal time required for a 99% mortality is 241 ºC·h and the slope is slightly higher in absolute value: -0.38. This result suggests an increased sensitivity of coliform bacteria to the heating treatment.
It is known that a fraction of the UV radiation, with wavelengths among 240 and 280 nm, in the spectrum of UV-C, presents a germicidal power, able to inactivate bacteria, viruses and moulds. Part of the germicidal effect of these treatments might be due to the UV radiation. Nevertheless, the single effect of UV radiation is difficult to assess with the results obtained in this work. UV values were measured inside the solar collector along the experiments, but UV-C radiation was not recorded, as no sensor was available. The overall glass transmissivity in the conditions of this experiment was 0.48 for UV radiation. Since the inner reservoir had also a glass lid, the UV radiation that reaches water surface was estimated as inside UV radiation times glass transmissivity. Those values along the experiments were 64 kJ/m 2 and 104.8 kJ/m 2 in experiments 1 and 2 respectively. These values are sensibly higher than those normally used with UV-lamps disinfection (Liltved and Cripps, 1999 ), but we have not information about the UV-C radiation that reached the water.
CONCLUSIONS
According to the results of this work, a thermal time of 268 ºC·h is needed to achieve a reduction to 10% of the initial total aerobic bacterial concentration, whereas, to reduce the concentration of coliform bacteria to the same amount, requires a thermal time of 241 ºC·h. Our values basically agree with the results of Saitoh and El-Ghetany (2002) , who showed that disinfection could be achieved by heating water above 65ºC for three hours. In the terms used in this study, it would mean a thermal time of 195 ºC·h approximately.
The solar collector proposed will be more efficient or will need shorter time to disinfect water in the summer, when high levels of radiation can be achieved. The water volume also determines the effectiveness of the collector since higher temperatures can be reached as water volume decreases.
The disinfection level obtained with this collector will be suitable for the targeted purpose depending on the initial bacterial load. Further research will be carried out in order to determine more accurately the required thermal time and the optimisation of the collector to disinfect the maximum volume of drainage water as a function of the radiation level.
Further experiments are under way to discriminate the effect of both factors affecting the bacterial mortality: water temperature and UV radiation. 
